The non-long terminal repeat (LTR) retrotransposon, R2, encodes a sequence-specific endonuclease responsible for its insertion at a unique site in the 28S rRNA genes of arthropods. Although most non-LTR retrotransposons encode an apurinic-like endonuclease upstream of a common reverse transcriptase domain, R2 and many other site-specific non-LTR elements do not (CRE1 and 2, SLACS, CZAR, Dong, R4). Sequence comparison of these site-specific elements has revealed that the region downstream of their reverse transcriptase domain is conserved and shares sequence features with various prokaryotic restriction endonucleases. In particular, these non-LTR elements have a Lys͞Arg-Pro-Asp-X 12-14aa -Asp͞Glu motif known to lie near the scissile phosphodiester bonds in the protein-DNA complexes of restriction enzymes. Site-directed mutagenesis of the R2 protein was used to provide evidence that this motif is also part of the active site of the endonuclease encoded by this element. Mutations of this motif eliminate both DNA-cleavage activities of the R2 protein: first-strand cleavage in which the exposed 3 end is used to prime reverse transcription of the RNA template and second-strand cleavage, which occurs after reverse transcription. The general organization of the R2 protein appears similar to the type IIS restriction enzyme, FokI, in which specific DNA binding is controlled by a separate domain located amino terminal to the cleavage domain. Previous phylogenetic analysis of their reverse transcriptase domains has indicated that the non-LTR elements identified here as containing restriction-like endonucleases are the oldest lineages of non-LTR elements, suggesting a scenario for the evolution of non-LTR elements.
Eukaryotic retrotransposable elements can be divided into two lineages that utilize completely different mechanisms of integration (summarized in ref. 1) . Those elements with long terminal repeats (LTRs), the LTR retrotransposable elements, are similar both in structure and in their retrotransposition mechanism to retroviruses (2) . Reverse transcription of the RNA templates from these elements is primed by cellular tRNA molecules. Because the reverse transcriptase of these elements is capable of jumping from the terminal repeats at one end of the template to the other end, synthesis of first and second strands results in a complete double-stranded DNA intermediate. This DNA molecule then is integrated into the host chromosome, utilizing an integrase similar to the transposase of DNA-mediated elements (3) .
Non-LTR retrotransposable elements, on the other hand, appear to use a simpler mechanism of retrotransposition. Reverse transcription of the RNA template is primed by a 3Ј hydroxyl group released by cleavage of the chromosomal target site, a process termed target-primed reverse transcription (TPRT) (4) . Synthesis of the cDNA directly onto the chromosome means that integration of non-LTR elements requires only the reverse transcriptase and a ''simple'' endonuclease. A first clue as to the nature of non-LTR endonucleases was obtained with the discovery of sequence similarity between the amino-terminal end of the second ORF of certain non-LTR elements and cellular apurinic͞apyrimidinic (AP) endonucleases (5, 6) . Direct evidence now has been obtained that this AP-like domain serves as the endonuclease for non-LTR element integration (6, 7) .
We recently have completed a comprehensive phylogenetic analysis of all non-LTR elements that shows these elements can be divided into 11 distinct lineages, each dating back to the pre-Cambrian era (8) . Although eight of these lineages contain an AP endonuclease located upstream of the reverse transcriptase (RT) domain, three lineages do not. The latter include R2 elements that insert in the 28S rRNA genes of arthropods (9) , R4͞Dong elements that insert in the 26S rRNA genes of nematodes or the spacer region of insect rDNA units, respectively (10, 11) , and CRE͞SLACS-related elements that insert in the spliced leader exons of trypanosomes (12) (13) (14) (15) . Phylogenetically, these three site-specific clades appear to be the earliest-diverging groups of non-LTR elements (8) .
This laboratory has conducted a number of studies of the endonuclease cleavage and RT activity of the R2 element from Bombyx mori (4, (16) (17) (18) . In this report, we show that the sequence-specific endonuclease of R2 is located downstream of the RT domain. Similar motifs are also found in members of the R4͞Dong and CRE͞SLACS lineages of non-LTR elements. The sequences of these motifs are similar to the active site of certain restriction enzymes. and YAYD proteins were assayed for specific endonuclease activity (4) . Proteins were stored in 50% glycerol͞0.4 M NaCl͞25 mM Tris⅐HCl, pH7.5͞1 mM DTT at Ϫ20°C. Protein concentrations were determined on SDS gels by using the stain Sypro Red (FMC) and the fluoroimaging function of a Storm 860 PhosphorImager (Molecular Dynamics).
Linear 110-bp DNA substrates were prepared by PCR amplification as described previously (18) except that the PCR primers in the reaction were end-labeled with T4 polynucleotide kinase by using 30 Ci [␥- 32 P]ATP (3,000 Ci͞mmol). The prenicked circular DNA template was generated by the incubation of 10 g of the plasmid pB109 with 1 g R2 protein in the absence of RNA for 30 min. The products were extracted with phenol͞chloroform, ethanol-precipitated, and separated on a 1% agarose gel. The open-circle DNA band was excised and ethanol-precipitated.
RNA in the TPRT reaction was obtained by run-off transcription with T7 RNA polymerase of the construct pBMR2-249A (18) . DNA cleavage and TPRT reactions were performed in 20-l volumes containing 50 mM Tris⅐HCl, pH 8͞200 mM NaCl͞10 mM MgCl 2 ͞1 mM DTT͞0.5 g R2 RNA͞10 M each of dNTPs. Reactions were stopped by the addition of 3 l 0.5 M EDTA, and the products were separated on 17-cm 8% denaturing polyacrylamide gels (18) . Quantitations were performed by using a Storm 860 Phosphoimager after drying the gel. The standard RT extension assays were performed in 20-l reactions with 0.3 g oligo rA:dT͞2. 
RESULTS
As shown in Fig. 1 , R2 elements encode a single ORF of approximately 1,100 aa with a centrally located RT domain (19) . Sequence comparisons of this R2 ORF from species representing the diversity of arthropods have revealed highly conserved regions both upstream and downstream of the RT domain (19) . Near the amino-terminal end of the R2 ORF are two short, conserved domains. The first domain is an exact match to the consensus zinc-finger motif Phe-X-Cys-X 2-4 -Cys-X 3 -Phe-X 5 -Leu-X 2 -His-X 3-5 -His (CCHH), originally identified in the transcription factor TFIIIa. This motif is perhaps the most prevalent DNA-binding motif found in eukaryotic proteins (20) . Immediately downstream of the R2 CCHH motif is a domain with similarity to a DNA-binding motif identified first in the protooncogene, c-myb (21) . These conserved domains suggest that the amino-terminal region of the R2 protein is likely to be a DNA-binding domain containing both (9) with those of other sequence-specific non-LTR elements and with some restriction endonucleases. The number of amino acid residues between the conserved motifs is given in parentheses. Highly conserved residues are shown in shaded boxes, with the three charged residues that are part of the active site of the restriction enzymes also bolded. The region between these conserved residues assumes a ␤-turn in restriction enzymes (24, 25) . The large number of charged residues in these ␤-turns are indicated as light gray. zinc-finger and c-myb-like binding motifs. Site-directed mutagenesis experiments are underway to directly test the role of these motifs. The entire 250-aa region downstream of the RT domain also was found to be highly conserved across all R2 elements (19) . This domain includes another putative nucleic acid-binding motif of the type Cys-X 2-3 -Cys-X 7-8 -His-X 4 -Cys (CCHC). Although variants of this motif have been identified previously in a number of other site-specific and nonspecific non-LTR elements and some similarity to retroviral gag proteins was noted (10), this particular spacing of Cys and His residues is not a good match to any characterized RNA-or DNA-binding protein (20) . In addition to the CCHC motif, an extensive region of similarity was found between R2 and members of the R4͞Dong and CRE͞SLACS lineages of non-LTR elements ( Fig. 1 ) by using the multiple-alignment features of CLUSTAL X (22) . Even more revealing, literature searches and iterative BLAST searches (23) revealed matches within this domain to a conserved motif in a variety of restriction endonucleases. Restriction enzymes are known to have little sequence homology but conserved structural motifs (24, 25) . Significantly, these non-LTR elements and restriction enzymes have in common the motif Lys͞Arg-Pro-Asp-X 12-19aa -Asp͞Glu, with the two acidic residues (underlined) separated by a sequence likely to fold into a ␤-turn. For EcoRV, EcoRI, and FokI, these acidic residues (abbreviated here as PD..D) have been shown to lie in close proximity to the scissile phosphodiester bonds in the protein-DNA complex (24, 25) . Mutations in these residues inactivate the enzymes without affecting their ability to bind their recognition site (26, 27) .
To determine whether this motif also is involved in the endonuclease activity of the R2 element, we mutated the first invariant Asp residue in the PD..D sequence of the previously characterized silkmoth R2 protein (4, 17) . Two mutations were generated: a conservative Asp-to-Glu change (PE..D) and a nonconservative, Asp-to-Ala change (PA..D). As a control for R2 enzymatic activity, a mutant protein also was generated containing an Asp-to-Tyr change in the first D of the highly conserved RT motif, YXDD (YAYD). Such a mutation has been shown to eliminate RT activity in both LTR and non-LTR retrotransposable elements (28) (29) (30) . These three mutations did not appear to alter the structure of the R2 protein, because proteins containing each of these mutations were stably expressed in Escherichia coli and behaved like wild-type protein in all purification steps. The R2 protein-purification procedure requires tight binding of the protein to both RNA and DNA substrates (4) . Fig. 2A shows the assay used to monitor the enzymatic activity of the various R2 mutations. The target DNA is a 5Ј labeled, 110-bp DNA segment containing the R2 insertion site (4, 18) . Cleavage of the lower (primer) DNA strand occurs first in the TPRT reaction and generates a 60-nt-labeled product on a denaturing gel. In the presence of RNA, primer-strand cleavage is followed by a slower cleavage of the upper (nonprimer) strand, generating a labeled, 48-nt fragment (18) . The assay also contains dNTPs and a 283-nt R2 RNA sequence representing the 3Ј untranslated region of the silkmoth R2 element, the only RNA sequence required for protein recognition by the R2 reverse transcriptase (17) . Utilization of this RNA as a template in the TPRT reaction results in a labeled, 343-nt DNA fragment. Fig. 2B shows a denaturing gel of the products from this assay by using each of the mutant proteins. In the presence of wild-type protein, each of the labeled products of the TPRT reaction can be seen. A PhosphorImager was used to quantify cleavage of both the primer and nonprimer strands as well as the extent of the TPRT reaction for each protein ( Table 1 ). The activity of each protein in a standard RT extension assay by using poly(A) as the template and oligo(dT) as the primer is shown in Table 1 .
The PA..D mutant protein has normal levels of activity in the standard RT assay, but is unable to cleave either the primer or nonprimer strands of the 28S target site (Fig. 2B) . The PE..D mutation also has normal levels of standard RT activity and no visible endonuclease activity. However, more sensitive PhosphorImager quantitation indicated that the PE..D protein has 2% of the activity of wild-type protein (Table 1) . Approximately 50-fold reductions in cleavage activity also have been detected with conservative D-to-E changes in the active site of the restriction enzyme EcoRV (26) . Finally, the YAYD mutant Proc. Natl. Acad. Sci. USA 96 (1999) protein readily cleaves the primer strand of the target DNA, but it has no activity in either the standard RT or TPRT assays. The absence of TPRT activity explains the reduced level of nonprimer strand cleavage by the YAYD mutation. We have shown previously with the wild-type protein that if the TPRT reaction is prevented, because of the absence of dNTPs, for example, then cleavage of the nonprimer strand is inhibited (4, 18) . The amount of nonprimer strand cleavage by the YAYD mutant varies from experiment to experiment (see Fig. 4 ).
To determine whether the mutant PE..D and PA..D proteins are capable of the TPRT reaction when provided with a cleaved target site, we conducted two sets of experiments. As diagrammed in Fig. 3A , in the first set of experiments plasmid DNA containing the R2 insertion site was either supercoiled or prenicked at the target site with wild-type R2 protein (see Material and Methods). The supercoiled and prenicked plasmids were incubated with the mutant proteins in the presence of the 283-nt R2 RNA template and 32 P-labeled dNTPs. As seen in Fig. 3B (lanes 1-4) , if the plasmid DNA is not prenicked, the PA..D mutant cannot conduct the TPRT reaction, whereas the PE..D mutant does support a very low level of cleavage, which then is used for TPRT. With the prenicked DNA substrate (Fig. 3B, lanes 5-8) , both mutations are able to conduct TPRT at levels similar to those of the wild-type protein (Fig. 3B, lane 9) . However, unlike the wild-type protein, neither mutant protein is capable of converting the open-circle plasmid into a linear form by cleaving the nonprimer strand. This experiment clearly suggests that the PD..D motif of R2 is involved in cleavage of both primer and nonprimer DNA strands.
The normal levels of RT activity seen in the PE..D and PA..D mutants and the normal level of endonuclease activity by the YAYD mutant would suggest that these mutants should complement each other and catalyze a complete TPRT reaction. This possibility was tested in Fig. 4 by using the endlabeled, 110-bp target DNA. As shown in lanes 2 and 4, mutants PE..D and YAYD alone are unable to generate significant amounts of the TPRT product, but a mixture of the two proteins (Fig. 4, lane 3) generates the 343-nt TPRT product at levels typical of wild-type protein (Fig. 2) , confirming the ability of RT and endonuclease mutants to complement each other. A similar set of experiments also has been conducted with the PA..D and YAYD protein with similar results (data not shown). Based on these simple complementation assays we do not know whether a heterodimer of PE..D and YAYD protein is formed and is responsible for the complete TPRT reaction or whether there is a sequential binding and cleavage of the DNA by the YAYD mutant followed by binding and reverse transcription by the PE..D mutant. In either event, the experiments in Figs. 3 and 4 clearly indicate that although changes in the first Asp residue of the R2 PD..D motif eliminates DNA cleavage, it does not affect binding of the R2 protein to DNA or its ability to conduct the TPRT reaction.
DISCUSSION
The sequence comparisons and site-directed mutagenesis studies described here provide evidence that the catalytic domain of the endonuclease encoded by the R2 element is located at the carboxyl-terminal end of its ORF. The DNArecognition sequence of the R2 protein is nonpalindromic, with the region required for protein recognition predominately located upstream of the cleavage site (16) . The R2 protein can bind this DNA target as a monomer (18) . Therefore, although the Lys͞Arg-Pro-Asp-X 12-14 aa -Asp͞Glu motif of the R2 endonuclease is similar to a variety of restriction enzymes, perhaps most significant is its relationship to the type IIS enzymes such as FokI. FokI also binds as a monomer to a nonpalindromic sequence and cleaves downstream of this recognition sequence (25) . The domain structure of R2 and FokI have similarities as well. The FokI catalytic domain is 96 (1999) located at the carboxyl end of the protein and is separated from the DNA-recognition domain by a flexible-hinge domain (25) . In the case of R2, highly conserved zinc-finger and c-myb-like DNA-binding motifs are located at the amino-terminal end of the protein (19) , separated by the RT domain from its catalytic carboxyl-terminal domain (Fig. 1 A) . Preliminary site-directed mutagenesis of the amino-terminal CCHH motif has provided direct evidence that this domain of the R2 protein is involved in DNA binding (J.Y. and T.H.E., unpublished data). Although the R2 protein can bind the DNA target site as a monomer, this binding is readily competed by nontarget DNA, and only cleavage of the lower (primer) strand is catalyzed (18) . The addition of R2 RNA to the R2 protein induces the formation of a protein dimer that has higher binding specificity for the target site and enables cleavage of both the upper and lower DNA strands (18) . Thus, it is possible that each subunit of the R2 protein dimer cleaves one strand of the DNA helix. Alternatively, the dramatic difference in cleavage kinetics of the two DNA strands in the TPRT reaction (cleavage of the first strand is completed before reverse transcription, whereas cleavage of the second strand follows reverse transcription) may reflect a conformational change, enabling that same subunit to be positioned for cleavage of the upper DNA strand 2 bp upstream of its initial nick on the lower strand. There is also an unusual mechanism used for double-stranded cleavage by the FokI protein (25) . It recently has been suggested that two FokI monomers, each bound to the DNA-recognition sequences of separate FokI sites, interact in trans to form a dimer enabling DNA cleavage (31, 32) .
Little is known of the enzymatic activities encoded by the other site-specific non-LTR elements that contain an endonuclease domain like R2. The target sites for these other site-specific elements are also nonpalindromic, and in the case of CRE and SLACS elements, zinc finger motifs can be identified in the amino-terminal region of their ORFs (12) (13) (14) (15) . The organization of their ORFs and the sequence similarity throughout their carboxyl-terminal domain suggest that these other site-specific elements bind and cleave their target DNA in a manner similar to that of R2. Recent phylogenetic analysis of the non-LTR retrotransposable elements (8) has shown that CRE͞SLACS, R4͞Dong, and R2 represent three of the oldest lineages of non-LTR elements. Based on the sequence of their RT domains, non-LTR elements are, in turn, closely related to those group II introns of mitochondria and bacteria that encode an RT domain (33) . Consistent with this phylogenetic relationship, group II intron mobility also is based on a TPRT mechanism of retrotransposition (34, 35) . Cleavage of the DNA strand used as primer is brought about by a proteinencoded activity located downstream of the RT domain. This protein domain has been shown to have sequence similarity to endonucleases with conserved H-N-H motifs (36, 37) .
As summarized in Fig. 5 , group II introns and the oldest lineages of non-LTR elements have similarity in both the organization of their ORFs and in the location of their endonucleases. These similarities clearly add support to models in which the group II introns and the non-LTR elements have a common origin. However, there are two major differences between the TPRT reaction of group II introns and that of site-specific non-LTR elements, as represented by R2. (37) . The protein domains shared by other group II introns are shaded and are similar to those identified previously (41) , except that the domains referred to as Z and X in that study are shown here as part of the RT domain (see ref. 8) . The putative endonuclease domain of the group II introns is identified as HNH (38, 39) . In the case of the non-LTR retrotransposons, schematic diagrams of the R2, L1, and Jockey elements are shown as representatives of the major non-LTR structures found to date. Other major lineages of non-LTR elements with these basic structures are listed within the parentheses (8) . The CCHH, c-myb, CCHC, and PD..D domains of the R2 elements are described in Fig. 1 . The AP-like endonuclease domain identified at the amino-terminal end of L1 and Jockey elements is labeled APE. Elements with structures similar to L1 contain a CCHC domain downstream of their RT domain; thus, this region is likely to be involved in DNA binding. Arrows represent the likely path of non-LTR evolution in eukaryotes based on the phylogeny of their RT domains (8 RNA sequences annealing to the target DNA in the reverse splicing reaction (38) , whereas R2 DNA recognition is accomplished by protein domains probably located at both ends of its ORF. Based on what is now known about non-LTR element phylogeny and the different types of endonucleases encoded by these elements, we can propose a correlation between the structure, site-specificity, and age of the non-LTR retrotransposable elements. The compact genomes of mitochondria and bacteria may have required the group II introns to retain site-specificity, whereas the increasing size of eukaryotic nuclear genomes may have allowed the original site-specific non-LTR elements to exploit the greater opportunity for random insertion without deleterious consequences. Only a few clades of the original site-specific non-LTR elements, those residing in conserved multigene families, have survived. The diversification of non-LTR elements into lineages lacking site specificity is correlated with the acquisition of a relatively nonspecific endonuclease, the AP-like endonuclease, upstream of the RT domain. Although all non-LTR lineages containing an AP-like domain have lost the PD..D motif of the carboxyl-terminal endonuclease domain, many of these elements still retain a domain with a highly conserved carboxylterminal CCHC motif (see Fig. 5 ). This CCHC motif has been shown to be essential for L1 activity in mammals (30) . Thus, it is possible that this carboxyl domain, although no longer catalytic, plays an essential role in DNA binding. Only in the more recently evolved lineages of the non-LTR elements (e.g., Jockey, CR1, and RTE) (8) is this carboxyl domain completely eliminated.
It is interesting to note that a few of the non-LTR elements with the AP domain have retained target specificity: R1 elements also insert in the 28S rRNA genes of insects (9), Tx1 elements specifically insert into another mobile element of Xenopus (39) , and Zepp elements insert into preexisting copies of themselves in Chlorella (40) . It can be suggested that insertion into preexisting copies of a mobile element may represent an intermediate between extreme target-site preference and a random mode of insertion. It is easy to imagine how the evolutionary trend away from site specificity would accelerate as the activity of non-LTR elements both contributed to, and benefited from, an increase in low cost insertion sites.
